Effect of lateral ribs: Numerical results discussed in this Letter concern the effect of a lateral rib on the RMSL propagation characteristics. Fig. 2 shows the normalised propagation constant dispersion characteristics of the dominant mode p/k, calculated for different lateral rib embedded depths in the dielectric substrate. It can be seen that the propagation constant of the dominant mode tends to a value of d{&,}, where E, is the relative permittivity of the substrate, not only with increasing frequency but also with increasing lateral rib height. The ribs embedded in the substrate result in an increased dominant mode field concentration in the dielectric layer. When the ribs are embedded in the dielectric substrate down to 3/4 of substrate thickness (h = 0.754, the propagation constant increases at f = lGHz from 2.39 (MSL) to 2.83 (RMSL). The ratio between the effective dielectric constant of the dominant mode = p/ki and the substrate relative permittivity, which reflects the field concentration in the dielectric, increases at the same frequency from 0.64 to 0.9 and reaches 0.98 at f = 30GHz. The propagation constant dispersion within the frequency range 1-30GHz decreases with an increase in lateral rib height. Ribs embedded 314 of substrate thickness (h = 0.754 decrease dispersion by 70% in comparison with MSL. Fig. 3 represents the normalised propagation constant dispersion characteristics for the dominant and a few higher order modes. It is easy to see for the first modes of the even mode set (the dominant mode) and the odd mode set, that the field lines which are mainly concentrated under and between the lateral ribs change considerably if the ribs are embedded in the dielectric substrate.
The dominant mode field distribution in the dielectric substrate is shown in Fig. 4 . The normalised transversal component distribution of the electric field vector lElrl = d{E;+E: } has been analysed at lines traversing the substrate through the middle of gaps between the ribs and the lower metal shield. Note that the electric field is mainly concentrated under the lateral ribs, and the field concentration under the ribs increases considerably as the ribs height increases. For a rib height of h = 0.75d, the value of the electric field vector transversal component increases by 342% under the ribs, and by 109% under the central part of the conductor in comparison with conventional MSLs.
Conclusion:
A modification to microstrip line in which lateral ribs of the strip are embedded in the dielectric substrate is presented. The rigorous analysis of the structure is based on the fd-wave method of overlapping regions. The numerical results show that the lateral ribs of the strip conductor considerably enhance dielectric substrate field concentration and decrease the propagation constant dispersion for the dominant mode. 
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A combination of a narrow linewidth, tunable DBR diode laser and high power ytterbium fibre amplifier in a master oscillator power fibre amplifier (MOPFA) configuration is demonstrated for efficient optical pumping of helium. A compact and efficient diode pumped prototype system is shown to compare favourably with alternative laser sources for production of hyperpolarised 3He using direct pumping for medical application in MRI. volume becomes a crucial factor to allow significant extension of
clinical trials. state (i.e. with a very high nuclear polarisation rate, well above thermodynamical equilibrium rate) can be achieved through optical pumping, either directly at 10831x11, or through intermediate rubidium gas pumped at -780nm. The availability of powerful pump sources, as well as recent progress in the technology of high power diode arrays operating around 7801x11, have boosted the rubidium route in the production of hyperpolarised helium [2, 31. However. the direct pumping method is more efficient in terms of maximum polarisation and pumping rates, and offers a number of other advantages (e.g. no risk of contamination of the helium gas with residual alkali vapour). An arc lamp pumped Nd:LNA laser delivering a few Watts of power has been successfully used for efficient pumping and clinical volume production [l] . However the large size, low wallplug efficicncy, essential water cooling and frequent service requirements are serious limiting factors for practical implementation of this laser. Conversely, recently developed DBR laser diodes are very practical, allow narrow linewidth operation and spectral width control, but are severely limited in available power.
In this Letter, we demonstrate the application of fibre laser technology offering a unique combination of high efficiency, compactness, simple service-free operation and high reliability in conjunction with high power. Ytterbium doped silica fibre lasers are well suited for operation around lOS3nm [4] . For the application, two approaches can be adopted. A fibre laser with fme tuning around the main helium absorption lines and a linewidth of -1-2GHz can be constructed using intracavity frequency filtering techniques and well established cavity configurations for fibre lasers. Alternatively, the ytterbium fibre can be used in the single pass amplifier geometry in conjunction with a laser diode to boost the power in the so-called MOPFA configuration (master oscillator power fibre amplifier). This approach allows us to use the fme tunability and bandwidth control of the laser diode while achieving high output power. Here we report a prototype of this type of MOPFA system, demonstrate its application for optical pumping of helium and compare under the same conditions the performance with the alternative pump sources, specifically an Nd:LNA laser and direct diode pumping. The experimental configuration is illustrated in Fig. 1 . A 1083nm DBR laser diode developed by Spectra Diode Laboratories was used as a signal source [5] . Its operational wavelength could be tuned by temperature over the entire fme and hyperfiie structure of the lines of the metastable helium atoms, and its bandwidth (a few megahertz in free running operation) could be externally broadened by applying a weak R F modulation to the bias drive current. The laser diode available for the experiments was not fibre pigtailed, and it was coupled into a singlemode fibre using bulk optics. For coupling, either a single high aperture lens was used or a combination of two lenses for collimating the beam from the diode and coupling into the singlemode fibre. High sensitivity of the DBR laser diode to feedback due to Fresnel reflection from the fibre end could cause occasional mode hops. Without AR coating on the fibre end, this was simply suppressed by using an additional optical isolator, or angle cleaving the fibre end, or defocusing the coupling lens. The ytterbium doped fibre amplifier (YDFA) consisted of two amplification stages. The input optical isolator IS01 was used to suppress feedback into the laser diode from the amplifier and prevent the amplifier from lasing. The signal was then amplified in the first pre-amplifier stage and directed into the high power booster amplifier. Both amplifier stages were pumped by laser diodes operating at -9701x11. Optical isolators of compact, fibre-pigtailed and polarisation insensitive design were installed at the input of each stage. The booster amplifier was designed for 1 W output power. This dual stage YDFA provided > 30dB gain, and a relatively low input power of < 0.5mW was sufficient to saturate the amplifier and achieve a low noise performance. The output from the booster amplifier was collimated using an integrated collimator at the fibre output. The beam was then expanded usuig a lens L to ensure -1 in beam diameter on the sample. A circular polarisation output was ensured by using a circular polariser (CP) consisting of a Glan-Thompson prism and quarter wave plate. Since the YDFA was not polarisation maintaining, a polarisation controller (PC) was used to maximise the transmission through the polariser. However, circular polarisation of the beam can be achieved without the need of the polarisation controller, by splitting the output beam into two orthogonal polarisation, circularly polarising them and then recombining on the cell.
The apparatus used to test the performance of the laser system is similar to that described in earlier work on optical pumping of helium [6] . The principal components are the cell containing the helium gas, a set of coils to produce an external static magnetic field (-lmT) and a device to measure the nuclear polarisation. The circulaly polarised resonance radiation was passed through the cell colinear with the magnetic field. A mirror (M) was positioned behind the gas cell to ensure a double pass configuration taking advantage of the weak absorption. The cell consisted of a 100cm3 Pyrex glass cylinder (5cm in diameter and 5cm in length) containing 1.06mbar of pure 3He gas. A weak R F discharge was used to maintain a small fraction of helium atoms in the metastable level. The nuclear polarisation of the atoms was measured optically by monitoring the circular polarisation of the fluorescence light emitted by the 688nm helium line. The polarimeter used is not shown in Fig. 1 but is described in detail in [7] . Comparison of the different laser sources was made by recording the build-up of polarisation for the same discharge conditions, i.e. same fluorescence intensity and same nuclear relaxation time (TI -100s). The optical pumping efficiency was characterised by the asymptotic value of the maximum steady-state nuclear polarisation M, and the polarisation pumping rate llT, (where is characteristic time scale for polarisation build-up). These two quantities have no simple dependence on pumping parameters, due to highly nonlinear features of optical pumping processes in 3He. Thus the build-up does not follow a mono-exponential law and UT, actually varies with polarisation M. At low M, a linear regime prevails and UT, is proportional to the rate of absorption of angular momentum from the light, and hence to the laser power. At high M, the populations of the light absorbing states are strongly reduced and optical pumping is less efficient. In addition, the value of Moo depends strongly on the spectral hole buming in the gas cell. It can be maximised by matching the laser emission spectrum and the Doppler broadened absorption proffie [8] . This is achieved in this case through spectral broadening of the laser diode. 
MHz providing -5OOMHz swing of the emission frequency was used to maximise the gas polarisation. In comparison with the laser diode alone delivering -35mW on the cell, the pumping rate and saturation polarisation have been dramatically improved (see curve (iii) for comparisson). The pumping rate achieved with the MOPFA source was also higher than with an Nd:LNA laser delivering 300 mW on the cell (curve ( i i ) ) which is believed to be mostly due to higher power. Note however, that the maximum polarisation were nearly the same. This indicates that the spectral shape of the highly multimode NdLNA laser with the bandwidth of -2GHz (FWHM) matches better to the Doppler profile of the gas absorption line. The spectral broadening achieved through the harmonic phase modulation of a single frequency laser diode does not provide as good a match, resulting in a residual spectral hole burning effect.
The performance of the MOPFA source compares well with other available techniques, and it is suitable for high volume production of the hyperpolarised 3He. It is important for practical applications to emphasise the compactness and efficiency of the source in comparison with alternative high power lasers. The prototype built and used in the experiments had only a 250 x 150" footprint including pump diodes, heatsink and air cooling. It required a 20V, 2A DC power supply providing a high overall wallplug efficiency. In addition, the performance of this type of source can be further improved by increasing the output power and better matching the emission bandwidth with the atomic absorption profile. The output can readily be upgraded to at least 5 W, based on currently available technology. A further increase in power up to tens of watts can be achieved for instance using arrays of fibre amplifiers driven with the same source.
In conclusion, we have demonstrated a novel laser technique for the production of hyper-polarised helium. The MOPFA configuration which in this case is a combination of a DBR laser diode and ytterbium doped fibre amplifier provides a flexible, simple, compact and robust source. It allows fme frequency tuning and spectral width control in combination with high power resulting in a large production rate of highly polarisation 3He gas. The successful two-channel WDM transmission of optically multiplexed 40Gbit/s RZ signals with properly managed fibre dispersion is demonstrated. The dispersion dependence of the signal-to-noise-ratio for each signal channel is measured and it is found that the optimum total dispersion value, including dispersion compensation fibres, is not zero but is anomalous, which is slightly smaller than the value predicted by the soliton condition with uniform dispersion.
Introduction: It is expected that future optical transmission systems will offer signal bit rates of > 10Gbitis. Indeed, a 4OGbit/s transmission experiment over thousands of kilometres has been demonstrated [I] . Wavelength division multiplexing (WDM) techniques promise to further increase the transmission capacity. In WDM systems, we cannot optimise the dispersion for all signal channels because of the dispersion slope in the wavelength, and, as a consequence, the dispersion of some channels accumulates along the entire system length. Even if the total dispersion could be compensated for completely at the end, signal degradation might arise because of self-phase-modulation during propagation. This becomes more significant as the transmission speed and distance increase, so we should optimise the pulse format and the dispersion allocation of fibres for very high speed WDM transmission. However, few WDM transmission experiments at a bit rate of 40 Gbith have been reported so far [2] .
This Letter introduces the WDM transmission of two 40 Gbit/s signals over 1200km. Return-to-zero (RZ) signals are carried by anomalous dispersion and dispersion compensation fibres (DCFs). The dependency of the signal-to-noise-ratio (SNR) on the fibre dispersion value is measured for each channel and then discussed. Fig. 1 shows the experimental configuration. Two mode-locked optical pulse generator modules, each consisting of an integrated laser diode and EA-modulator, were used to generate continuous 2OGHz optical pulse trains [3] . The pulse width of
